[1] Structural features associated with fore-arc basins appear to strongly influence the rupture processes of large subduction zone earthquakes. Recent studies demonstrated that a significant percentage of the global seismic moment release on subduction zone thrust faults is concentrated beneath the gravity lows resulting from fore-arc basins. To better determine the nature of this correlation and to examine its effect on rupture directivity and termination, we estimated the rupture areas of a set of M w 7.5-8.7 earthquakes that occurred in circum-Pacific subduction zones. We compare synthetic and observed seismograms by measuring frequency-dependent amplitude and arrival time differences of the first orbit Rayleigh waves. At low frequencies, the amplitude anomalies primarily result from the spatial and temporal extent of the rupture. We then invert the amplitude and arrival time measurements to estimate the second moments of the slip distribution which describe the rupture length, width, duration, and propagation velocity of each earthquake. Comparing the rupture areas to the trench-parallel gravity anomaly (TPGA) above each rupture, we find that in 11 of the 15 events considered in this study the TPGA increases between the centroid and the limits of the rupture. Thus local increases in TPGA appear to be related to the physical conditions along the plate interface that favor rupture termination. Owing to the inherently long timescales required for forearc basin formation, the correlation between the TPGA field and rupture termination regions indicates that long-lived material heterogeneity rather than short timescale stress heterogeneities are responsible for arresting most great subduction zone ruptures.
Introduction
[2] The largest earthquakes in the world occur in subduction zones, where almost 90% of the total global seismic moment is released [Lay and Bilek, 2007] . However, the amount of seismic coupling widely varies from one subduction zone to another, ranging from predominantly aseismic subduction in the Marianas to seismic subduction in Alaska [e.g., Scholz and Campos, 1995; Lay and Bilek, 2007] . Understanding this variation in earthquake occurrence in circum-Pacific subduction zones has been the subject of numerous studies. The correlations between earthquake occurrence and such factors as age of subducting oceanic lithosphere, amount of sediment, bathymetric features on the subducting slab, and convergence rate have been investigated [e.g., Mogi, 1969; Kelleher and McCann, 1976; Ruff and Kanamori, 1980; Pacheco et al., 1993; Scholz and Campos, 1995; Abercrombie et al., 2001] . However, wide variability in seismogenic behavior exists not only between different subduction zones but within individual subduction zones themselves.
[3] The asperity model is commonly used to describe this variability in seismic behavior [Lay and Kanamori, 1981] . The moment release during great earthquakes is nonuniform, and the areas of high moment release are known as asperities. These asperities may occur because of variability in frictional properties on the plate interface, which may lock during the interseismic period and suddenly release slip in an earthquake [e.g., Lay et al., 1982] . An alternative view is that time-dependent stress heterogeneity is the dominant factor controlling the extent of great earthquakes. Numerical simulations demonstrated that even a fault with uniform frictional properties can generate a complex sequence of events that rupture different portions of the fault in each rupture rather than repeatedly at a fixed asperity [Shaw, 2000] . In this model, large earthquakes preferentially nucleate at the edge of a previous large rupture and propagate in the opposite direction providing a natural explanation for the observation that large subduction zone ruptures are predominantly unilateral along strike [McGuire et al., 2002] . Moreover, Thatcher [1989] used historical estimates of rupture area for great subduction zone earthquakes to argue that these events are rarely repeats of the previous big earthquake and instead fill in regions where stress accumulation has not been relieved recently (the seismic gap hypothesis). While both ''quenched heterogeneity'' (the asperity model) and ''dynamic heterogeneity'' (the seismic gap hypothesis) likely influence the details of individual ruptures to some extent, it is very important to determine which is the dominant behavior in subduction zones as they have very different implications for the longterm seismic hazard at a particular location.
[4] In a given subduction zone, the trench-normal controls on earthquake rupture are relatively well understood. The fault width is constrained by the updip and downdip limits of the seismogenic zone, at depths of 5 -10 km and 25-55 km, respectively [e.g., Byrne et al., 1988; Pacheco et al., 1993; Tichelaar and Ruff, 1993; Oleskevich et al., 1999; Lay and Bilek, 2007] . These limits result from transitions from velocity-strengthening to velocity-weakening behavior [Scholz, 2002] . These transitions likely occur because of changes in properties such as sediment strength and mineral composition due to changing pressure and temperature conditions [e.g., Byrne et al., 1988; Hyndman and Wang, 1993; Oleskevich et al., 1999] .
[5] However, subduction zone earthquakes can release large amounts of seismic moment because extremely long fault lengths are possible along a subduction zone. An important question then becomes: what controls the alongstrike limits of these great earthquakes? What stops a M w 7.0 earthquake from continuing to rupture along a subduction zone and becoming a M w 9.0 earthquake? Some studies have shown that transverse structures such as ridges or seamounts in the subducting lithosphere often fragment the subduction zone and may provide natural barriers to rupture [e.g., Mogi, 1969; Kelleher and McCann, 1976; Cloos, 1992; Kodaira et al., 2000 Kodaira et al., , 2002 . However, such structures can also prove to be asperities, as Abercrombie et al. [2001] found in the case of the 1994 Java tsunamigenic earthquake, where the majority of the seismic moment release was centered on a subducted seamount. Therefore the relationship between subducting geological structure and the extent of large individual ruptures remains unclear. Amplitude measurements (square) and model (circle) from a synthetic line source test at different frequency bands. The 3-D point source synthetics were used to simulate a 70 km long unilateral rupture propagating to the east with a velocity of 2.5 km/s. Low-amplitude measurements at azimuths of 270 confirm that rupture propagated away from the west. The amplitude anomaly increases with frequency. In general, the model fits the measurements well at lower frequencies, but at the 14-16 mHz band they begin to differ significantly.
[6] The upper plate also plays an important role in earthquake rupture. McCaffrey [1993] emphasized the importance of fore-arc rheology in seismogenic behavior; strong fore arcs produce more large earthquakes because of their ability to store elastic strain energy. Recent studies by Song and Simons [2003] and Wells et al. [2003] have demonstrated that large subduction zone earthquakes occur preferentially in areas along the plate interface which are overlain by fore-arc basins. Song and Simons [2003] found that 80% of the cumulative seismic moment release in the 20th century occurred in the 30% of the total area of subduction zone which exhibited strongly negative gravity anomalies, indicators of the presence of fore-arc basins. Fore-arc basins tend to form in strong, stable wedges and therefore reflect the mechanical and frictional properties along the plate interface over which they lay [Byrne et al., 1988; Fuller et al., 2006; Wang and Hu, 2006] . To what extent then can fore-arc structure influence the rupture of individual earthquakes? [7] This study aims to investigate the relationship between earthquake rupture propagation and fore-arc structure in greater detail. Where do large events start and stop with respect to along-strike structures in the gravity field? To address this question, we estimated the finite source properties of a set of 15 subduction zone thrust events (M w > 7.5) and compared them to fore-arc structure revealed by maps of trench-parallel gravity anomalies (TPGA) constructed by Song and Simons [2003] . We find that as a rupture approaches its eventual extent, the TPGA increases. This correlation, which reinforces the observations of Song and Simons [2003] , suggests that the stress and frictional heterogeneities along the plate interface that control the rupture of large subduction zone earthquakes are expressed in the fore-arc gravity field.
Methodology
[8] To evaluate the relationships between fore-arc structure and individual ruptures, we require well constrained information on the spatial extent of rupture that can be determined in subduction zones worldwide. This is often a difficult observational problem because most subduction zone ruptures occur offshore and often with limited geodetic and near-field seismic data. Even for the best data sets, detailed finite fault inversions of great subduction zone earthquakes are highly sensitive to model parameterization and station coverage. An example of this is the 2003 M w 8.3 Tokachi-oki earthquake. Despite the abundance of quality seismic and geodetic data recorded during the event, by far the best data set ever for a M w 8 subduction zone rupture, the finite fault models produced following the earthquake differ in characteristics such as number of asperities and orientation of rupture [Miyazaki et al., 2004a] . Some studies found that the rupture was oriented more along strike of the trench [Yamanaka and Kikuchi, 2003 ] while others found rupture areas that were half the size and oriented downdip [Yagi, 2004; Honda et al., 2004; Koketsu et al., 2004; Miyazaki et al., 2004a] . The differences between the slip models highlight the sensitivity of the results to the different fault parameterizations, constraints, and data sets used in each study. Even for the best combined seismic and geodetic data sets, the rupture area is only constrained to within a factor of two owing to the limited offshore coverage. Moreover, body wave based studies often have poor constraints on the seismic moment and slip distribution owing to their relatively high frequency band [Pritchard et al., 2007] .
[9] An alternative approach is to utilize seismic surface waves to constrain only the gross features of the rupture, Moreover, properties such as directivity and rupture extent can be estimated independent of any smoothing constraints or other a priori information [McGuire et al., 2001] . We quantify the extent and directivity of large ruptures using the second moments of a scalar source-space-time function describing the moment release distribution Mulcahy, 1976a, 1976b; Backus, 1977a Backus, , 1977b McGuire et al., 2001] . The second moments describe the length, width and duration of the area of greatest seismic moment release during an earthquake. They are defined aŝ
where _ f is the source-space-time function and is proportional to slip rate at a point on the fault, r 0 and t 0 are the centroid location and time,m (2,0) is the second spatial moment,m (0, 2) is the second temporal moment, andm (1,1) is the mixed moment which describes overall rupture directivity [McGuire et al., 2001] .
[10] The second moments represent weighted averages of seismic moment release, and they define characteristic rupture dimensions that are somewhat smaller than the total rupture dimensions. These characteristic rupture dimensions are [Silver, 1983; Silver and Jordan, 1983; McGuire et al., 2001] 
where M 0 is the seismic moment and x c (n) is the characteristic dimension of slip in the direction ofn, which has its maximum value of L c whenn corresponds to the largest eigenvector associated with the largest eigenvalue of m (2, 0) . The characteristic duration is t c , the characteristic velocity is v c and the average velocity of the instantaneous spatial centroid is v 0 . The velocity v c can range from 1 to 2 times the actual rupture velocity [McGuire et al., 2002] . A directivity ratio is defined by jv 0 j/v c , such that ruptures with directivity ratios 0.5 are predominantly bilateral, while those greater than $0.5 are predominantly unilateral.
[11] Figure 1 demonstrates the relationship between the characteristic rupture dimensions and the slip distribution of the 2000 western Tottori earthquake. The second moments were calculated directly from the slip model of Iwata et al. [2000] . The ellipse represents the area on the fault plane that released the majority of the seismic moment during the earthquake as measured by the second spatial moment. The arrow indicates the rupture directivity, which is described by the mixed moment.
[12] We estimate the second moments by comparing point source synthetic and observed seismograms. The data seismogram recorded at station/component p can be expressed as
whereM ij is the moment tensor, assumed constant during the earthquake, that describes fault orientation; _ f is the source-space-time function; and G ij p is the Green's function. The Green's function can be expanded in a Taylor series about a point (x 0 0 , t 0 0 ):
At low frequencies, the Taylor series can be truncated after the second-order terms allowing the seismogram to be written in terms of the zeroth, first, and second moments: 
The first term of the equation on the right-hand side is the point source synthetic seismogram,s p = m
Thus the observed seismogram is described by the contribution from the best fitting point source perturbed by finite source effects.
[13] The perturbations to the synthetic seismogram that describe the finite source can be estimated from the data using (10). To measure these anomalies, we rewrite (10) as
, where m is a vector containing the independent elements of the zeroth, first, and second moments, and A pi (t) is the partial derivative of the Green's function specific to the ith element of m. Then the crosscorrelation function of s ands p can be expressed as A system of equations A pj m j = b p can then be defined, where the measurement b p is the peak of the crosscorrelogram C ss at station p, and A pj is the cross correlation of A pj (t) with synthetic seismograms p (t À t p ). We weight both b p and A pj by the peak of the autocorrelogram ofs p to account for arbitrary differences in amplitude between stations. Thus, in our measurement scheme b < 1 implies that the observed seismogram has a lower amplitude than the point source synthetic, as would be expected if the arrival is sensitive to the destructive interference associated with finite source effects in the frequency band being considered. This measurement scheme provides a straightforward way to identify the directivity of an earthquake. Figure 2 shows the amplitude measurements made from a synthetic line source test simulating rupture propagating toward the east. Low amplitude measurements (b < 1) are found at azimuths of around 270, away from the direction of propagation.
[14] We measured frequency-dependent amplitude anomalies using fundamental mode Rayleigh wave data obtained from the GSN, GEOFON, GEOSCOPE, MEDNET, and China Digital seismic networks through the IRIS Data Management Center. The point source synthetics for an event were generated using the Global centroid moment tensor (CMT) solution for that event, available at http://www. globalcmt.org. We utilized two sets of point source synthetics: normal mode synthetics, using the one-dimensional (1-D) PREM Earth model [Dziewonski and Anderson, 1981] with phase velocity maps correcting for 3-D structure [Ekstrom et al., 1997] ; and 3-D synthetics, calculated using the spectral element method of Komatitsch and Tromp [1999] with the 3-D velocity model CRUST2.0 [Bassin et al., 2000] and mantle velocity model S20RTS [Ritsema and van Heijst, 2000] . We used the 1-D normal mode synthetic seismograms to calculate A pj (t), the partial derivatives of the Green's functions. These derivatives depend primarily on sourcestation geometry and so the accuracy of the velocity model is not as important as it is for the amplitude measurements, which we therefore made using the 3-D synthetic seismograms. The improvement in Earth model allowed much more accurate amplitude predictions to be made for the Rayleigh wave, especially at the higher-frequency bands used in this study (see Appendix A for further discussion regarding the use of 1-D versus 3-D synthetics).
[15] For each event, we make measurements at a set of global stations with good azimuthal coverage and at a number of frequency bands ranging from 1 to 10 mHz. Waveforms are windowed around the peak of the Rayleigh wave using frequency-dependent window lengths prior to cross correlation. Stations with correlation coefficients less than 0.9 in any frequency band are discarded from all bands in the inversion to avoid errors from unmodeled heterogeneity. The magnitude of the amplitude anomaly increases with frequency, however, we can only use frequency bands where the amplitude reduction due to finite source effects is less than about 60% of the point source amplitude. Above this band, higher-order terms in (9) become important ( Figure 2 ). The useable frequency range depends on the spatial extent and directivity of the rupture and hence is different for different sized earthquakes.
[16] The inverse problem for the second moments is nonunique but can be stabilized by incorporating the constraint that the 4-D source region must have a nonnegative volume [Das and Kostrov, 1997; McGuire et al., 2001] . Other constraints are used to limit changes to the centroid depth as well as ensure that rupture does not occur above the Earth's surface. These nonlinear constraints are expressed as linear matrix inequalities in the semidefinite programming approach of Vandenberghe and Boyd [1996] . The least squares objective function (11) is minimized subject to the various inequality constraints. The solution m is a 15 component vector containing the second moments as well as changes to the centroid time, location and seismic moment.
[17] We use a leave-one-out jackknife technique to estimate the error of the solution [Tukey, 1984] . We divide the data into N subsets, where N is the number of stations. For the ith subset, the measurements at station i in all frequency bands are left out, and the inversion is performed with the remaining data to produce an estimate of the model parameters. The N estimates of the model parameters then provide a conservative estimate of the variance of the model parameters [Efron and Stein, 1981] . The variance of the model parameters can then be used in standard error propagation equations to estimate the variance in derived quantities such as L c and t c [Bevington and Robinson, 1992] .
[18] The characteristic rupture ellipses for each event are compared to the maps of trench-parallel gravity anomaly (TPGA) produced by Song and Simons [2003] . To construct these maps, an average trench normal gravity profile for each subduction zone is removed from the free air gravity data [Sandwell and Smith, 1997] along the length of the subduction zone. The resulting TPGA illuminates shorterwavelength features such as fore-arc basins. We compare the characteristic rupture dimensions with the spatial variations in TPGA to test the hypothesis that a correlation exists between variations in the TPGA field and earthquake rupture characteristics such as centroid location, rupture extent and directivity.
Results
[19] We estimated the second moments for 15 shallow thrust earthquakes (M w > 7.5) that occurred on the plate interface in circum-Pacific subduction zones from 1992 to 2006 (Figure 3) . Because of the complex nature of the moment release during the 2004 Sumatra earthquake, this event was not included in our analysis. Table 1 summarizes the characteristic rupture dimensions of these events and Table 2 summarizes the second moment inversion results. Several representative events are discussed in greater detail below. Appendix B contains our Rayleigh wave measurements and comparisons with the TPGA field for each event.
The 2003 Colima Mexico Earthquake
[20] On 22 January 2003, a M w 7.5 earthquake occurred near the state of Colima, Mexico. This event primarily ruptured bilaterally in the updip-downdip directions . Our second moment estimates (Table 1 and Figure 4a ) support this conclusion. The inversion resulted in a characteristic rupture length L c of 92 km, a duration t c of 29 s, and a directivity ratio of 0.44. This agrees well with the finite source model determined by Yagi et al. [2004] using a joint inversion of teleseismic body wave and strong motion data.
[21] The characteristic rupture ellipse representing the area of greatest moment release is compared to the TPGA field in Figure 4b . Although the measurements and directivity clearly indicate a downdip rupture, the ellipse is oriented more along strike. The centroid is located in a 
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LLENOS AND MCGUIRE: FORE-ARC STRUCTURE AND GREAT EARTHQUAKES highly negative TPGA region which corresponds to the Manzanillo basin [Wells et al., 2003] . This basin also overlies part of the rupture area of the 1995 M w 8.0 Jalisco event ( Figure B7b in Appendix B). The along-strike limits of the rupture ellipse are characterized by local TPGA maxima (Figure 4c ). These results suggest that the main moment release filled the area underlying the Manzanillo basin. Figure 4c (bottom) shows the average TPGA over rupture ellipses of varying L c (with a constant aspect ratio), which illustrates how the TPGA changes within the rupture zone. The average TPGA is minimized near the centroid and increases as the region near the boundary of the actual rupture area is included (i.e., 1 L c in Figure 4c ). Therefore the limits of the significant moment release are characterized by increasing TPGA.
The 2006 Java Earthquake
[22] On 17 July 2006, a M w 7.7 earthquake occurred in the fore arc of the Java trench. This earthquake generated a tsunami with a wave height of 1.8 m that struck the coast of Java, killing over 400 people. Preliminary results reported by the U.S. Geological Survey (USGS) (http://earthquake. usgs.gov/eqcenter/eqinthenews/2006/usqgaf) suggest that this event had a similar source mechanism as that of the M w 7.8 shallow thrust earthquake (also in this study) that occurred off the coast of Java on 2 June 1994 which also generated a tsunami.
[23] For this event, we generated point source synthetics using the focal mechanism reported in the Global CMT catalog but the centroid location reported by the USGS. In their study of the 1994 Java earthquake, Abercrombie et al. [2001] found that the Global CMT locations for earthquakes in the Java trench appear to be systematically biased to the south and suggest that the 3-D velocity models used in the CMT inversion are inadequate in this part of the globe.
[24] There is a very strong directivity signal at azimuths of around 300 (Figure 5a ), indicating that rupture propagated unilaterally to the east-southeast. By the 3 -5 mHz band, the amplitude of the data has dropped to 0.5 of the amplitude of the synthetic. Such a strong signal in this low of a frequency band is more typical of M w 8.5 events Figure 8 . TPGA measured along strike of rupture ellipses for each event in the data set. The solid line marks the centroid location, and the dashed lines mark the extent of the best fitting (1 L c ) rupture ellipse. Rupture propagates from left to right for unilateral events and from the centroid outward in both directions for bilateral events. In general, the rupture ellipse limits correspond with positive changes in TPGA. The profiles of 19950914 and 19950730 are not entirely accurate, as part of each profile occurs on land, where accurate TPGA measurements are unavailable. than M w 7.7 events (compare with measurements for a M w 7.5 earthquake shown in Figure 4a and measurements for a M w 8.7 shown in Figure B14 ). The inversion for the second moments resulted in a length L c of 108 km, a duration t c of 55 s, and an average instantaneous centroid velocity jv 0 j of 1.9 km/s. The characteristic rupture length, relatively long duration and directivity are consistent with other slip models for this event [Ammon et al., 2006; Fujii and Satake, 2006] . The duration is surprisingly long for an event of this magnitude; the duration for the M w 7.5 Mexico earthquake was only 29 s. The duration and moment for each event in this study are shown in Figure 6 , fit with a line illustrating the scaling of duration as the cube root of moment. Both this event and the 1992 Nicaragua event have anomalously long durations considering their magnitudes. This shows these earthquakes belong to a class of slow tsunami earthquakes that radiate a large amount of low-frequency energy relative to their high-frequency radiation [e.g., Polet and Kanamori, 2000] . However, there is nothing obviously different about the TPGA profiles for these two events compared to the other events (e.g., Figure 4 ). Thus we find no evidence in this study to suggest a direct relationship between structure in the TPGA field and tsunamigenic potential.
[25] Figure 5b compares the characteristic rupture ellipse to the TPGA field. The centroid is again located in a negative TPGA region, and the limits of the rupture ellipse occur as the TPGA becomes increasingly positive (Figure 5c ). When we consider the average TPGA over varying rupture dimensions, we find that the TPGA increases slightly near the edges of the rupture but is essentially flat. Hence the unilateral rupture propagation to the east appears to have been stopped near a local TPGA maximum (Figures 5b and 5c ).
The 1995 Chile Earthquake
[26] A M w 8.0 earthquake occurred off the northern coast of Chile near the town of Antofagasta on 30 July 1995. This event has been the subject of a number of studies, which generally found that rupture initiated just south of the Mejillones peninsula and propagated unilaterally to the southwest [e.g., Delouis et al., 1997; Ihmlé and Ruegg, 1997; Carlo et al., 1999; Pritchard et al., 2006] . Our measurements and model fit are shown in Figure 7a . The inversion resulted in an L c of 121 km, a t c of 33 s, and a Figure 9 . Average TPGA over rupture ellipses of varying L c for each event of the data set. In general, the average TPGA increases with L c , indicating the centroid (reflected by the rupture ellipse of 0.5 L c ) was located in a local TPGA minimum. The limits of the rupture ellipses which occur at 1 L c generally coincide with increases or maxima in the TPGA.
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directivity ratio of 0.33, revealing a somewhat surprising bilateral component to the rupture. Our centroid location and rupture length are consistent with other slip models [Ihmlé and Ruegg, 1997; Pritchard et al., 2006] , although the orientation of the moment release is slightly different.
Where other slip models are oriented predominantly along strike, our rupture ellipse is oriented at around a 45°angle to the trench. However, had our rupture ellipse been oriented more along strike, the overall shape of the TPGA profile would not change significantly, as the centroid is surrounded by higher TPGA regions along strike as well as updip and downdip (Figure 7b ).
[27] The main moment release of this event, unlike most of the others in this study, was located in a positive TPGA region, although the centroid was located in a local TPGA minimum (Figure 7b ). These higher TPGA regions are associated with the Mejillones Peninsula to the north and the Antofagasta Ridge to the west, both of which are thought to be tilted fault blocks [von Huene and Ranero, 2003] . The local TPGA minimum in which the centroid is located corresponds with a sediment-ponded basin behind the Antofagasta Ridge. The TPGA profiles show that the 1 L c limit occurs near the high positive TPGA region denoting the Antofagasta Ridge (Figure 7c ). However, had rupture continued beyond 1 L c , the TPGA would have decreased and so, unlike most of the other events in the data set, there is no obvious correlation between positive changes in the TPGA field and the termination of rupture.
Evaluation of Bias From Unmodeled Propagation Effects
[28] If inadequacies of the 3-D Earth models result in a significant bias in our estimates of rupture area, this bias should be shared by earthquakes within a given subduction zone owing to the very long wavelength nature of the R1 waves we utilize. Our data set consists of events from essentially four regions: the northwest Pacific (six events), the Middle American trench (four events), the Java trench (three events), and the Peru-Chile trench (two events). We have utilized two approaches to check for bias in our estimated rupture areas. First, many events have been compared to slip distributions derived from local geodetic data. For instance, our rupture areas agree well with geodetic inversions for both the 2003 Tokachi-oki [Miyazaki et al., 2004a] and 1995 Jalisco events [McGuire et al., 2001] . Moreover, there is considerable variability in the rupture directivity inferred for the various northwest Pacific earthquakes indicating that systematic biases are relatively unimportant for the majority of our events. As a further check to ensure that propagation effects do not bias the results, we compared our results to those obtained using an empirical Green's function (EGF) instead of point source synthetics to make amplitude measurements. In general, theoretical Green's functions (TGF) are preferable because of their superior signal-to-noise ratio at low frequencies and their true point source nature in time, but EGFs provide a useful way to check for consistency. Examples of EGF measure- ments and inversion results for a northwest Pacific event and the two Peru-Chile trench events can be found in Appendix B (Figures B4, B5 , and B11). The two PeruChile trench events have $15°and 55°rotations of their rupture ellipses when using EGFs versus TGFs, indicating that unmodeled effects may bias our estimates of rupture area for this subduction zone. We are not confident that the EGF results are better because of the large amount of scatter (e.g., poor SNR) at frequencies below 5 mHz for these events ( Figure B5a and B11a). The TPGA profile changes qualitatively for only the 2001 Peru event.
Summary of Results
[29] Our survey of 15 earthquakes indicates that TPGA increases as a rupture approaches the edge of its eventual rupture patch. Figures 8 and 9 summarize the along-strike TPGA and average TPGA profiles for all of the events. In 11 of the 15 events, the centroid was clearly located where the TPGA is a local minimum. In most cases this value was negative (e.g., events 19941228, 20030122) , but in some cases it was positive (e.g., events 20050328, 19950730) . The magnitude of TPGA variation over the rupture area also differs from event to event. In some cases, the average TPGA varied over a range of $2 mGal, while for others variations occurred over a range of $40 mGal (see events 20060717 and 19941228 in Figure 9 ). This suggests that the relative rather than absolute values of TPGA may reflect rupture behavior more directly.
[30] Our results also show that in 11 of the 15 events, the limits of the rupture ellipses correspond with increasing TPGA (Figure 9) . In 3 events, the TPGA is essentially flat between the centroid and the rupture edges. In one event (19951009), the limits correspond with decreasing TPGA, and so the reason for rupture to stop is not apparent in the TPGA field. If we exclude the South American events due to uncertainties in propagation effects, 9 of 13 events have increasing TPGA. Thus, in the majority of the events in our data set, the 1 L c limit corresponds with a positive gradient in TPGA (Figure 9 ). This suggests that a relationship exists between the TPGA field and physical conditions on the plate interface that control the extent of individual ruptures.
Discussion
[31] In agreement with previous studies [Song and Simons, 2003; Wells et al., 2003 ], our results demonstrate that the areas of greatest seismic moment release for large subduction zone earthquakes tend to occur beneath local minima in the TPGA field. Typically these minima denote the presence of a fore-arc sedimentary basin. Additionally, we demonstrated that the limits of the two-dimensional rupture areas correlate with positive gradients of TPGA ( Figure 9 ). Our observations lead to two primary conclusions regarding the connection between TPGA and the frictional conditions on the plate interface. First, the relative rather than absolute values of TPGA have the greatest correlation to individual rupture behavior. Second, there appears to be a correlation between the resistance to rupture growth (either spatial variations in current shear stress level or material properties) and the edges of local TPGA minima. Although these minima often correlate with forearc basins, they do not identify them uniquely because of other variations in seafloor topography and density which contribute to the gravity field. However, Wells et al. [2003] demonstrated that the basin edges are spatially correlated with maxima in gravity gradient rather than absolute values of the free air gravity field, which they then correlate with updip and downdip frictional stability transitions. In this section, we further explore the potential mechanisms connecting the upper plate fore-arc basins reflected in the TPGA field and the resistance to rupture propagation observed to occur near the edges of these basins.
Fore-Arc Basin Formation and Wedge Mechanics
[32] A number of 2-D models have examined the link between fore-arc basin formation and conditions along the plate interface. Byrne et al. [1988] suggested that the presence of fore-arc basins indicates strong material at depth which causes a change in the critical taper angle of the wedge and allows backstops and outer-arc highs to form which trap sediments. Recent numerical work has explored the mechanics of the upper plate that allow the formation of fore-arc basins [Fuller et al., 2006; Wang and Hu, 2006] . Wang and Hu [2006] divide the fore arc into an undeforming inner wedge and an actively deforming outer wedge. The inner wedge provides a stable platform for fore-arc basins to form on and overlies the velocity-weakening seismogenic zone, while the outer wedge overlies the velocity-strengthening region updip of the seismogenic zone. Fuller et al. [2006] also suggest that fore-arc basins tend to form in stable wedges, and the lack of deformation in such wedges could mean that permeability is reduced in the direction normal to the plate interface, allowing processes such as thermal pressurization to generate elevated pore pressures that could significantly weaken the fault [Wibberley and Shimamoto, 2005] . Song and Simons [2003] infer that strongly negative TPGA values correlate with increases in the shear traction on the plate interface. Large shear tractions tend to result in more stick-slip behavior [Marone, 1998 ]. While the existing models are fairly simplistic, they demonstrate mechanical reasons to expect fault strength and/or fluid pressure to be different under fore-arc basins than underneath adjacent areas. In general, these frictional differences do not appear to be related to variations in the thermal structure of the plate interface.
How Great Earthquakes Stop: Dynamic Versus Quenched Heterogeneity
[33] The resistance to rupture growth that causes earthquakes to stop can arise from along-strike variations in shear stress (dynamic heterogeneity) or along-strike variations in fault frictional properties (quenched heterogeneity) [Guatteri and Spudich, 2000; Shaw, 2000] . In numerical models, time-dependent, dynamic heterogeneities can produce complex earthquake sequences even on faults with uniform frictional properties owing to the low-stress regions leftover from past ruptures [Shaw, 2000] . However, the locations of these dynamic heterogeneities vary on the scale of an earthquake cycle (100 s of years). In contrast, the forearc basins (and associated TPGA anomalies) reflect the average stress state on the plate interface and within the wedge over timescales of basin formation (at least a million years) [Fuller et al., 2006] . Thus, if large ruptures are stopped simply by encountering the low-stress regions leftover from previous ruptures, as opposed to some longlived material heterogeneity, then averaging over many earthquake cycles (or equivalently many subduction zones) should remove any correlation with the TPGA field. Our observed correlation between TPGA variations and the boundaries of individual ruptures requires that long-lived, upper plate structural/geological heterogeneity is a firstorder control on along-strike rupture extent.
[34] One type of along-strike frictional heterogeneity on a fault that may prevent large throughgoing ruptures are patches of velocity-strengthening material that exist due to compositional or thermal anomalies. The correlation between positive TPGA gradients and a transition from velocity-weakening to velocity-strengthening behavior may be qualitatively assessed in a region such as northeastern Japan. Owing to the dense instrumentation network, a number of studies have mapped the long-term seismogenic behavior of the plate interface in this region [Miyazaki et al., 2004b; Nishimura et al., 2004; Yamanaka and Kikuchi, 2004] . Two earthquakes in our study occurred here: the 1994 M w 7.7 Sanriku-oki earthquake off the coast of northern Honshu (19941228) and the 2003 M w 8.3 Tokachi-oki earthquake off the coast of Hokkaido (20030925) . In their study of the 2003 earthquake, Miyazaki et al. [2004b] inferred that the afterslip of this event indicated velocitystrengthening behavior and found that it occurred in areas surrounding the greatest moment release (both along strike and updip). Significant afterslip also occurred in the areas surrounding the greatest coseismic slip of the 1994 Sanrikuoki earthquake [Nishimura et al., 2004] .
[35] Our characteristic rupture ellipses for these two events are shown in Figure 10a . For 19941228, the limits of the rupture ellipse occur when the TPGA becomes positive. The positive TPGA regions correspond relatively well with the weak seismic coupling region shown by Nishimura et al. [2004] . This observation seems to suggest a correlation between positive TPGA values and velocitystrengthening behavior. However, the rupture ellipse for 20030925 shows that the rupture failed to fill the entire basin and stopped in a negative TPGA region. This suggests the presence of velocity-strengthening materials even though the TPGA remains negative. Instead, the transition from velocity-weakening to velocity-strengthening behavior seems to be correlated with positive TPGA gradients. Beyond the limits of the rupture ellipses for both events, Figure A2 . Amplitude measurements in different frequency bands made using 1-D synthetics (blue) and 3-D synthetics (red). At higher frequencies, the measurements become significantly different, particularly in northern azimuths. There is also more scatter in the 1-D synthetic measurements.
the TPGA increases (Figure 10b ). This change in the TPGA corresponds well in location with changes in the seismic coupling seen in maps drawn by Nishimura et al. [2004] and Miyazaki et al. [2004b] for the 1994 and 2003 earthquakes, respectively. At least in the Tokachi-oki region, there appears to be a link between increases in TPGA and transitions from velocity-weakening to velocity-strengthening behavior.
[36] A second type of frictional heterogeneity that can play a role in stopping earthquake rupture is regions of velocity weakening material with very high fracture energy. In subduction zones, this may represent areas of increased fault roughness due to the bathymetry of the incoming plate. Figure 11b shows the characteristic rupture ellipse for the 2000 Tottori earthquake plotted on fracture energy calculated by Dalguer et al. [2002] . High fracture energies are associated with the limits of the rupture ellipse (Figures 11c  and 11d) suggesting that the region near 1 L c identifies the location of significant resistance to rupture propagation that was necessary to arrest a particular rupture. The fracture energy profiles in Figures 11c -11d are remarkably similar to the typical TPGA profiles found in this study (Figures 8 -9 ) despite being nominally unrelated variables. Thus the variations we observe in TPGA around the 1 L c portion of the rupture zone may reflect a surprisingly direct connection between the edges of sedimentary basins and the variations in frictional properties of the plate interface.
[37] The primary difference between the fracture energy and frictional stability transitions as explanations for the boundaries of M w 8 ruptures lies in the role of aseismic slip. In the fracture energy case, most of the plate motion would be expected to be made up by abundant smaller (M w < 8) earthquakes, while in the stability transition explanation, much of the plate motion in these regions could occur aseismically, likely as afterslip. Thus distinguishing between these two types of frozen heterogeneity will require geodetic observations over multiple earthquake cycles, but at least for the Tokachi-oki region, along-strike variations in frictional stability are important [Miyazaki et al., 2004b] .
Conclusion
[38] The spatial heterogeneity of frictional properties which cause variations in seismogenic behavior along a subduction zone can be linked to variations in fore-arc TPGA and geological structure [Song and Simons, 2003] . To further investigate this relationship, we estimated the rupture characteristics of a global data set of large shallow subduction zone earthquakes and compared them with the TPGA field. The centroid locations typically correspond with local TPGA minima, and the limits of the areas of significant moment release correspond with positive TPGA gradients (Figure 9 ). These gradients appear to be linked to changes in the frictional properties along the plate interface that control rupture behavior. Owing to the inherently long timescales required for forearc basin formation, the correlation between the TPGA field and rupture termination regions indicates that longlived material heterogeneity rather than short timescale stress heterogeneities are responsible for arresting most great subduction zone ruptures. Variations in TPGA may therefore be used to not only determine the long-term seismogenic behavior along the strike of subduction zones but also to provide estimates of the boundaries of [39] In this appendix, we discuss the reasons for using both 1-D and 3-D synthetic seismograms in this study. We use 1-D normal mode synthetic seismograms to calculate the partial derivatives used in the inversion and 3-D synthetics to make the actual amplitude measurements. The 1-D synthetics are much faster to compute than the 3-D synthetics, which require a 64-processor Linux cluster, and so they are considerably more efficient to use for the numerical calculations of the partial derivatives of the Green's functions. The use of 3-D synthetics rather than 1-D synthetics to calculate the partial derivatives in (10) would make little difference in the inversion results. The partial derivatives are calculated from perturbations in source location, and so are more sensitive to source-station geometry than to the velocity model used to generate the synthetics. The results from a test event confirm that little is gained by using 3-D synthetics for the partial derivatives; therefore, because the 3-D synthetics require much more computational effort, we use the 1-D synthetics to calculate the partial derivatives.
[40] However, the 3-D synthetics produce more accurate R1 amplitude predictions at higher frequencies, so they are used to make the amplitude measurements. The difference in amplitude predictions can be seen by comparing the 1-D and 3-D synthetics with the seismograms observed at three stations at different azimuths for the 2003 M w 7.5 earthquake in Mexico ( Figure A1 ). Amplitude measurements made using 1-D synthetics would have been lowest at station MHV (az = 21). With the 3-D synthetics, the lowest measurement occurs at station LCO (az = 145), which indicates a completely different direction of rupture directivity.
[41] The magnitude of amplitude anomaly measured with 1-D and 3-D synthetics can also be very different (see station LCO in Figure A1 ). Figure A2 compares the amplitude measurements made using 1-D and 3-D synthetics for complete station sets. Significant differences in the measurements occur at northerly azimuths in the highest frequency band. These differences alter the results of the inversion. An inversion with the 1-D synthetics resulted in a rupture length of 51 km. Using the 3-D synthetics in the inversion resulted in a rupture length of 92 km. Therefore, because the improvement in propagation modeling is significant enough to affect the inversion results, we use 3-D synthetics for the amplitude measurements.
Appendix B: Results for Additional Events
[42] This section contains the results for each event in our data set (Figures B1 -B15 ; see Table 1 for list of events). For each event, we show Rayleigh wave measurements, estimated rupture area plotted on a TPGA map, and TPGA profiles. For three events (19941228, 19950730, and 20010623) , the results using measurements made with empirical Green's functions as described in section 3.4 are also shown ( Figures B4, B5 , and B11, respectively). These results can be directly compared with those obtained by using point source synthetics (theoretical Green's functions) as our analysis does ( Figures B3, 7 , and B10).
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